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In the form of molybdate the transition metal molybdenum is essential for plants as it is
required by a number of enzymes that catalyze key reactions in nitrogen assimilation, purine
degradation, phytohormone synthesis, and sulﬁte detoxiﬁcation. However, molybdate
itself is biologically inactive and needs to be complexed by a speciﬁc organic pterin in
order to serve as a permanently bound prosthetic group, the molybdenum cofactor, for
the socalled molybdo-enyzmes. While the synthesis of molybdenum cofactor has been
intensively studied, only little is known about the uptake of molybdate by the roots, its
transport to the shoot and its allocation and storage within the cell. Yet, recent evidence
indicates that intracellularmolybdate levels are tightly controlled bymolybdate transporters,
in particular during plant development. Moreover, a tight connection betweenmolybdenum
and iron metabolisms is presumed because (i) uptake mechanisms for molybdate and
iron affect each other, (ii) most molybdo-enzymes do also require iron-containing redox
groups such as iron-sulfur clusters or heme, (iii) molybdenum metabolism has recruited
mechanisms typical for iron-sulfur cluster synthesis, and (iv) both molybdenum cofactor
synthesis and extramitochondrial iron-sulfur proteins involve the function of a speciﬁc
mitochondrial ABC-type transporter.
Keywords: aldehyde oxidase, iron, molybdenum, molybdate transporter, molybdo-enzymes, nitrate reductase,
sulfite oxidase, xanthine dehydrogenase
INTRODUCTION
Molybdenum is a transition metal, which occurs in the litho-
sphere at an average abundance of 1.2 mg kg−1 and represents
one of the scarcest trace elements in biological systems (Kaiser
et al., 2005). In the soil, molybdenum exists predominantly in
the form of the oxyanion molybdate, which serves as an essen-
tial micronutrient in all kingdoms of life. Yet, molybdate alone
does not exhibit biological activity, but is bound to an organic
pterin backbone, which upon binding of molybdate is converted
into the molybdenum cofactor (Moco). Once being incorpo-
rated as prosthetic group, Moco becomes part of the active site
of molybdo-enzymes, where molybdenum can vary its oxidation
state between Mo(IV), Mo(V), and Mo(VI), thereby enabling the
respective protein to transfer electrons, and in most cases also
oxygen, from or to a substrate (Hille, 2013). Due to its special
importance for plants, another molybdenum-containing cofactor
exclusively found in certain bacteria is mentioned. This cofac-
tor is part of the unique enzyme nitrogenase that catalyzes the
ﬁxation of nitrogen by reduction of atmospheric N2 to NH3 in
free-living, but also symbiotic bacteria in the nodules of legumes
(Kneip et al., 2007). Unlike Moco however, the nitrogenase cofac-
tor is constituted of molybdenum ligated to a complex iron-sulfur
cluster and homocitrate and therefore is named FeMoco (Hu and
Ribbe, 2013).
In soil, a critical point concerns the bioavailability of molyb-
date, which is favored above pH 5.5 and impaired at lower
pH due to the adsorption of molybdate to soil oxides (Kaiser
et al., 2005). Under low-pH conditions, molybdate assimilation is
therefore limited resulting in molybdenum deﬁciency associated
with reduced molybdo-enzyme activities and reductions in plant
growth and yield. Fortunately, this type of molybdenumdeﬁciency
can be compensated by fertilization with molybdate or by increas-
ing the soil pH by liming. In contrast, molybdenum toxicity by
oversupply of plants with molybdate is extremely rare and charac-
terizedby relativelymild symptoms such as yellowish leaves (Kaiser
et al., 2005) or reduced seedling growth and increased anthocyanin
concentrations (Kumchai et al., 2013).
In consideration of the present knowledge of molybdate
uptake, transport and storage, the speciﬁc functions of the
molybdenum-dependent enzymes and the interrelation between
molybdenum and iron, this review focuses on the current under-
standing of the molybdenum homeostasis network in plants
and points to some hitherto unidentiﬁed factors (Table 1;
Figure 1).
UPTAKE, TRANSPORT, AND STORAGE OF MOLYBDATE
Early in plant molybdenum research Kannan and Ramani (1978)
described the active uptake of exogenously applied molybdate by
roots and its transport to the shoot. However, molybdate levels
reached a maximum in the shoot already 6 h after application,
indicating that uptake of molybdate and sensing of intracellu-
lar molybdate levels are well controlled processes. Notably, when
molybdate is applied solely to leaves transport also occurs down-
ward to the stem and roots, demonstrating that molybdate is a
highly mobile compound translocated between various plant tis-
sues. Furthermore, the ﬁnding that sulfate is a potent inhibitor
of molybdate uptake (Stout et al., 1951; Kannan and Ramani,
1978) and that in turn low sulfate concentrations in the soil
promote molybdate uptake (Shinmachi et al., 2010) pioneered
speculations on the nature of molybdate transporters. In fact,
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Table 1 | Components of molybdenum metabolism in higher plants
(Arabidopsis thaliana).
Protein names Agi code Known / proposed function
MOT1/SULTR 5;2 AT2G25680 Molybdate transport
MOT2/SULTR 5;1 AT1G80310 Molybdate transport / export from vacuole
CNX1 AT5G20990 Moco biosynthesis step 3
CNX2 AT2G31955 Moco biosynthesis step 1
CNX3 AT1G01290 Moco biosynthesis step 1
CNX5 AT5G55130 Moco biosynthesis step 2
CNX6 AT2G43760 Moco biosynthesis step 2
CNX7 AT4G10100 Moco biosynthesis step 2
Nia1/NR1 AT1G77760 Nitrate reductase (minor form)
Nia2/NR2 AT1G37130 Nitrate reductase (main form)
SO AT3G01910 Oxidation/elimination of cytotoxic sulﬁte
mARC1/MOSC1 AT5G44720 Unknown (reduction of N -hydroxylated
compounds ?)
mARC2/MOSC2 AT1G30910 Unknown (reduction of N -hydroxylated
compounds ?)
AAO1 AT5G20960 Unknown (IAA biosynthesis ?)
AAO2 AT3G43600 Unknown (IAA biosynthesis ?)
AAO3 AT2G27150 ABA biosynthesis
AAO4 AT1G04580 Synthesis of benzoic acid
AtXDH1 AT4G34890 Purine degradation
AtXDH2 AT4G34900 Pseudogene ?
ABA3/LOS5 AT1G16540 Mocosulfuration and activation of AO and
XDH proteins
ATM3/ABCB25 AT5G58270 Transporter involved in cytosolic Fe-S
assembly and Moco synthesis
sulfate and molybdate share a high degree of similarity as they
both possess a double negative charge (SO42−, MoO42−), are
similar in size, and have tetrahedral structures. It was thus pro-
posed that molybdate import and distribution are facilitated
by sulfate transporters or related systems. The ﬁrst identiﬁed
molybdate-speciﬁc transporters from Chlamydomonas reinhardtii
(Tejada-Jimenez et al., 2007) and Arabidopsis thaliana (Tomatsu
et al., 2007; Baxter et al., 2008) indeed turned out to belong to
the family of sulfate transporters, yet lacking the otherwise typical
STAS domain essential for sulfate transport activity (Shibagaki
and Grossman, 2006). Unfortunately, the two reports on the
Arabidopsis transporter, referred to as MOT1, differ in the sub-
cellular localization of the transporter with Tomatsu et al. (2007)
primarily showing endomembrane localization and Baxter et al.
(2008) reporting a mitochondrial localization. Ascribing a pre-
cise function to MOT1 is therefore difﬁcult and it remains to be
proven in future studies whether MOT1 is involved in the intra-
and/or the inter-cellular translocation of molybdate. In addition
to MOT1, another molydate transporter of the sulfate transporter
family, MOT2, has been identiﬁed in Arabidopsis (Gasber et al.,
2011). MOT2 localizes to the vacuole and MOT2-deﬁcient plants
are characterized by accumulation of molybdenum in leaves and
reduced molybdenum contents in seeds. Along with the ﬁnding
that MOT2 transcripts accumulate in senescing leaves, this sug-
gests a function of MOT2 in exporting stored molybdate from
the vacuole into the cytosol for translocation into maturing seeds.
Moreover, total molybdenum contents were found to correlate
with the levels of Moco in wildtype and MOT2 mutant leaves,
indicating plants adjust Moco synthesis to the cellular levels of
molybdate.
Just recently a novel molybdate transporter, also denoted as
MOT2, has been identiﬁed in Chlamydomonas (Tejada-Jiménez
et al., 2011). In contrast to Arabidopsis MOT2 however, this trans-
porter is a member of the major facilitator superfamily which is
completely unrelated to the sulfate transporter family. It is tempt-
ing to speculate that the homolog of this transporter in higher
plants represents the as yet unidentiﬁed transporter involved in
the uptake of molybdate at the root:soil interface.
MOLYBDENUM COFACTOR AND
MOLYBDENUM-DEPENDENT ENZYMES
The only process known to require molybdenum/molybdate
directly by plants is the biosynthesis of Moco, which is initiated
in mitochondria and ﬁnalized in the cytosol. However, a detailed
description of Moco biosynthesis is out of the scope of this work
and is comprehensively covered by Bittner and Mendel (2010) and
Mendel (2013). Even thoughMoco biosynthesis is well understood
only little knowledge exists about the genetic and enzymatic reg-
ulation of Moco biosynthesis in plants. For instance, it is largely
unknown whether the expression levels of Moco synthesis genes
are affected by molybdate, and whether the endogenous levels of
Moco vary, e.g., during plant development or in response to stress
conditions. The only available information in this respect con-
cerns the expression of molybdenum metabolism-related genes in
the Arabidopsis MOT1 mutant that was grown without additional
molybdate supply to induce endogenous molybdate deﬁciency
(Ide et al., 2011). In fact, the Moco biosynthesis genes CNX2
and CNX6 were demonstrated to be upregulated under molybdate
deﬁciency, which was likewise true for the molybdo-enzymes NR1
and NR2, the Moco sulfurase ABA3 and the transporter MOT2.
Apart from these genes, molybdate deﬁciency also affected the
expression of many genes involved in transport, stress responses,
signal tranduction and in the metabolisms of nitrogen, sulfur, and
phosphate, but also the levels of amino acids, sugars, organic acids,
and purine metabolites were signiﬁcantly altered, indicating that
molybdate nutrition has global impact on plants.
Among the molybdo-enzymes, nitrate reductase (NR) rep-
resents the cytosolic key enzyme of nitrogen assimilation that
reduces nitrate to nitrite (Campbell, 2001). In addition to Moco,
NR also depends on heme and FAD as prosthetic groups and
strictly requires NADH or NADPH for enzymatic activity. A deﬁ-
ciency in NR results in the inability of the plant to mobilize
nitrogen, which is inseparably associated with the loss of plant
viability in the absence of alternative nitrogen sources. Under
low-oxygen conditions, NR is capable of reducing nitrite to nitric
oxide (NO), and NR-derived NO appears to be among the major
sources of NO in plants with impact on plant development, pro-
tection against reactive oxygen species, phytoalexin accumulation,
and pathogen resistance (Rockel et al., 2002).
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FIGURE 1 | Molybdenum metabolism in higher plant cells. The main
components of molybdenum metabolism in plants are shown including the
Moco biosynthetic pathway (CNX proteins) in mitochondria and cytosol, the
Moco user enzymes and their respective main functions in nitrogen
assimilation (NR), ABA synthesis (AAO3), purine catabolism (XDH1), and
sulﬁte detoxiﬁcation (SO). mARC enzymes are proposed to function in
reduction of certain N -hydroxylated substrates, which have not yet been
identiﬁed.While one of the two mARC isoforms (mARC2) contains an
NH2-terminal mitochondrial targeting sequence, such targeting sequence is
absent at the second isoform, which therefore is assumed to act in the
cytosol. In contrast to the molybdate transporter MOT2, which functions at
the vacuolar membrane as a molybdate exporter, MOT1 might localize to the
endomembrane system, possibly to the endoplasmic reticulum. A
mitochondrial localization of MOT1 has also been reported but appears less
likely as no obvious reason exists for import or export of molybdate into or out
of the mitochondria, respectively. The plant homolog (MFS-MOT) of the major
facilitator superfamily molybdate transporter MOT2 from Chlamydomonas
might be required for molybdate import across the plasma membrane. The
function of the Moco sulfurase ABA3 in activation of AO and XDH is
indicated, just as the functions of the mitochondrial ABC transporter ATM3 in
export of cPMP from mitochondria and in cytosolic iron-sulfur cluster ([Fe-S])
assembly for AO and XDH (and other extra-mitochondrial proteins). Further
details are given in the main text and are reviewed by Bittner and Mendel
(2010) and Mendel (2013). Molybdo-enzymes are indicated by blue letters,
other components of molybdenum metabolism by orange letters; dotted
arrows indicate requirement for Moco by molybdo-enzymes.
Plant sulﬁte oxidase (SO) is a peroxisomal enzyme (Nowak
et al., 2004), which exclusively consists of a Moco-binding domain
required for oxidizing sulﬁte to sulfate. In this process, substrate-
derived electrons are transferred to molecular oxygen with for-
mation of superoxide anions (Byrne et al., 2009) and hydrogen
peroxides (Haensch et al., 2006). In the physiological context,
SO represents a part of an intracellular sulﬁte homeostasis net-
work required to prevent plant cells from the toxic effects of
endogenously arising sulﬁte (Brychkova et al., 2007; Lang et al.,
2007).
Xanthine dehydrogenase (XDH) requires Moco, FAD, and
two iron-sulfur clusters (Hille et al., 2011), and its main func-
tion is associated to purine degradation by oxidizing hypox-
anthine to xanthine and xanthine to uric acid in the cytosol.
Electrons released from the substrate are preferably transferred
to NAD+. At extremely low concentrations of NAD+, molec-
ular oxygen can serve as alternative electron acceptor with
simultaneous generation of superoxides (Hesberg et al., 2004;
Yesbergenova et al., 2005; Zarepour et al., 2010). As indicated
by XDH-deﬁcient plants, the function of XDH is crucial for
plant growth, senescence, and fertility (Nakagawa et al., 2007;
Brychkova et al., 2008). Independent from other substrates, XDH
exhibits strong intrinsic NADH oxidase activity, which is accom-
panied by the use of oxygen as electron acceptor and simul-
taneous formation of superoxide anions (Yesbergenova et al.,
2005; Zarepour et al., 2010). It is speculated that this activ-
ity is of importance in the response to biotic and abiotic
stresses.
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Aldehyde oxidase (AO) has derived from XDH by gene dupli-
cation and neo-functionalization (Rodríguez-Trelles et al., 2003)
and therefore shares catalytical and structural similarities with
XDH. In contrast to XDH however,AO proteins preferably oxidize
aldehydes to the respective carboxylic acid. Moreover, molecular
oxygen is the exclusive electron acceptor during catalysis and its
consumption is obligatorily linked with the generation of hydro-
gen peroxide and superoxide anions (Yesbergenova et al., 2005;
Zarepour et al., 2012). Obviously, the genome of most, if not all,
plant species harbors several AO genes, which indicates a spe-
ciﬁc need of plants for several independent aldehyde oxidation
activities. The number of AO proteins and their speciﬁc functions
might therefore relate to the speciﬁc metabolic and environmental
demands of different plant species. For instance, the Arabidop-
sis genome encodes the genes AAO1 – AAO4 and the respective
proteins form homo- and hetero-dimers with overlapping, but
also distinct substrate speciﬁcities (Akaba et al., 1999; Koiwai et al.,
2000; Seo et al., 2000a,b). The most important isoform is AAO3,
which catalyzes the oxidation of abscisic aldehyde to abscisic acid
(ABA) in the last cytosolic step of ABA synthesis. Due to the func-
tionof ABA inmany aspects of plant growth anddevelopment, and
in adaptation to a variety of abiotic stresses,AAO3-deﬁcient plants
with reduced ABA levels are characterized by a high transpiration
rate, reduced stress tolerance, and impaired seed dormancy (Seo
and Koshiba, 2011). For AAO1 andAAO2, a function in one of the
multiple biosynthesis routes of indole-3-acetic acid is suggested as
they both efﬁciently catalyze the oxidation of indole acetaldehyde
to indole-3-acetic acid in vitro. AAO4 is expressed preferably in
siliques and catalyzes the oxidation of benzaldehyde into benzoic
acid, the latter being incorporated into glucosinolates that likely
serve as herbivore defense compounds (Ibdah et al., 2009).
The mitochondrial amidoxime reducing component (mARC)
has been identiﬁed in mitochondria of mammals and catalyzes the
reduction of N-hydroxylated substances (Havemeyer et al., 2011).
Like mammals, plant genomes encode two mARC isoforms, which
have not yet been investigated in detail. The physiological role of
mARC proteins is therefore still enigmatic, even though previous
studies in Chlamydomonas and on recombinant human proteins
suggest a function in the detoxiﬁcation of N-hydroxylated base
analogs (Chamizo-Ampudia et al., 2011; Krompholz et al., 2012)
and/or in the regulation of L-arginine-dependent NO synthesis
(Kotthaus et al., 2011).
Although the physiological functions of some molybdo-
enzymes are as yet not fully understood, it is obvious that others
hold key positions in essential or at least important metabolic
pathways. Any factor that affects one of these enzymes will thus
also affect the respective pathway, with effects on Moco biosynthe-
sis and molybdate supply resulting in the pleiotropic impairment
of all molybdo-enzyme activities, associated with severe reduction
of plant viability or even death of the plant.
CROSSTALK BETWEEN MOLYBDENUM AND IRON
METABOLISM
An interrelation betweenmolybdenumand iron has been reported
by Berry and Reisenauer (1967) who found that molybdate
supply signiﬁcantly increases the capacity of tomato plants to
absorb Fe2+. The inverse phenomenon, an inﬂuence of Fe2+
on molybdate uptake, has later been investigated in excised
rice roots, which showed increased molybdate uptake capacity
in the presence of FeSO4 (Kannan and Ramani, 1978). This
interrelation was conﬁrmed in an ionomics study involving iron-
deﬁcient plants, in which molybdenum contents were shown to
be reduced (Baxter, 2009). However, the link between the two
metals in this approach is not fully understood and might be
related either to acidiﬁcation of the rhizosphere during iron-
deﬁciency, which would result in molybdenum becoming less
available to the plant, or to down-regulation of MOT1, which
might affect molybdate uptake. Interestingly, several key genes
involved in molybdenum metabolism were found to respond to
iron-deﬁciency in Arabidopsis roots with the MOT1 gene indeed
showing down-regulation, and the genes CNX2, CNX3, and ABA3
showing up-regulation (www.genevestigator.com). By contrast,
under molybdate-deﬁcient conditions as induced by Ide et al.
(2011) none of the known key genes of iron uptake and trans-
port such as FRO2, IRT1, or ferritins were found to be altered
in expression. Instead, only the genes of the ferric-chelate reduc-
tases oxidases FRO6 and FRO7 and the iron-regulated protein
IREG1 showed down-regulation. It can thus be assumed that
iron availability is a crucial regulatory element for plant molybde-
num metabolism, while molybdate availability is of subordinated
importance for iron metabolism.
Apart frommetal uptake and gene regulation, crosstalk between
molybdenum and iron is observed on the levels of Moco biosyn-
thesis and molybdo-enyzmes. As previously mentioned, some of
the latter require iron-containing prosthetic groups such as iron-
sulfur clusters (AO and XDH) or heme (NR) besides Moco and
FAD. Indeed, when looking in more detail on the more than 50
molybdo-enzymes known in all organisms, then the vast major-
ity also depends on such iron-containing groups (Hille, 2013).
It seems therefore reasonable to assume that this co-occurence
of molybdenum and iron is due to the beneﬁcial inﬂuence on
each other’s redox properties. In addition, the Moco biosynthe-
sis enzyme CNX2 requires two [4Fe-4S] clusters for activity and
the crosstalk between molybdenum and iron is further substanti-
ated by the fact that CNX2 gene expression is controlled by both,
molybdate and iron availability.
Molybdenum and iron metabolisms also merge at the function
of ATM3, a mitochondrial ABC-type transporter that is crucial
for the maturation of extra-mitochondrial iron-sulfur proteins
(Bernard et al., 2009; Balk and Pilon, 2011). ATM3 exports an as
yet unknown sulfur-containing compound from the mitochon-
dria into the cytosol, where this compound is used for assembly
of iron-sulfur clusters. Surprisingly, ATM3 has been found to play
an important role in enabling the export of the Moco biosyn-
thesis intermediate cPMP from mitochondria into the cytosol as
ATM3-deﬁcient plants present reduced levels of Moco accompa-
nied by increased cPMP levels in mitochondria (Teschner et al.,
2010). Since the two molecules requiring ATM3 for transport are
likely to differ markedly, one can hypothesize that both are co-
transported with glutathione, which has been speculated earlier
to be a substrate of ATM3 (Kim et al., 2006) and to stimulate the
activity of this type of transporter (Kuhnke et al., 2006).
Finally, an evolutionary overlap betweenmolybdenumand iron
metabolisms exists by the function of the Moco sulfurase ABA3,
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which is essentially required for the ﬁnal activation of AO and
XDH.ABA3 is a two-domain protein with a N-terminal L-cysteine
desulfurase domain that decomposes L-cysteine to L-alanine and
sulfur (Bittner et al., 2001; Heidenreich et al., 2005). The sulfur
is bound as a persulﬁde to a strictly conserved cysteine residue
of the protein (ABA3-Cys430SH + S2− = > ABA3-Cys430S-SH)
and transferred to the Moco-binding C-terminal domain (Wollers
et al., 2008). On the C-terminal domain, the persulﬁde sul-
fur is transformed into a molybdenum-bound sulﬁdo ligand by
replacing an oxygen ligand [pterin-MoO2(OH)+ S2− => pterin-
MoOS(OH) + O2−]. With receiving this type of Moco, the target
proteins of ABA3, AO, and XDH, ﬁnally gain activity. Interest-
ingly, L-cysteine desulfurases originated from the more ancient
iron-sulfur cluster biosynthesis, in which they abstract sulfur from
L-cysteine and deliver it to various scaffold proteins, onto which
iron-sulfur clusters are assembled prior to insertion into apo-
enzymes (Lill et al., 2012). In case of ABA3 and its orthologs
however, a cysteine desulfurase must have been fused to a selected
scaffold to evolve into a new activator protein highly speciﬁc and
exclusive for AO and XDH.
Recently, an interesting observation has been made concerning
the effect of sulfur supply on AO and XDH proteins (Cao et al.,
2013). In this work, sulfate deﬁciency has been found to impair
endogenous cysteine levels and simultaneously, the biosynthesis of
the phytohormone ABA. This effect has been ascribed to reduced
activity of AAO3 and it was concluded that AAO3, and in addition
also XDH, cannot properly be sulfurated by the Moco sulfurase
ABA3 due to the limited availability of its substrate L-cysteine.
This might indeed be one possible explanation for reduced activ-
ities of AO and XDH proteins in sulfate-deprived plants; yet, an
effect on the biosynthesis of iron-sulfur clusters as required by AO
and XDH proteins appears even more likely due to the higher
demand of this process for L-cysteine (Forieri et al., 2013). As
sulfur is embedded into molybdenum metabolism also at several
other steps (e.g., Moco synthesis, sulﬁte detoxiﬁcation, molybdate
uptake), the three nutrients molybdenum, iron and sulfur appear
to interact closely on various levels within a common metabolic
network that needs to be elucidated in future studies.
CONCLUSIONS AND PERSPECTIVES
Many players in the molybdenum homeostasis network have
meanwhile been identiﬁed and characterized with the enzymes of
Moco synthesis and the molybdo-enzymes representing the most
intensively-studied topics, even though also here many aspects
still remain to be solved. Understanding of the function of molyb-
date transporters has just begun and a lot more effort needs to
be invested to depict the import and export routes in plants and
to identify the candidate(s) responsible for uptake of molybdate
at the root:soil interface. A point, which has not been consid-
eredbefore iswhethermolybdate-binding and/or -storageproteins
exist in plants that might shuttle molybdate between organelles
and tissues or store it for speciﬁc requirements, respectively. More-
over, very little is known about factors controlling the expression
of genes and interaction of proteins involved in molybdenum
homeostasis, thus requiring further in-depth analysis on the tran-
scriptome, proteome, interactome, metabolome, and ionome
level.
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